INTRODUCTION
The time and frequency structure of force is often used to assess the neural mechanisms that control muscular contractions. Recent literature (Enoka et al. 2003; Jones et al. 2002) suggests that the amplitude of force fluctuations declines with the amount of force produced. Furthermore, it appears that the primary contribution to force variability is the variation in the discharge rate of the motor units involved in the task. However, other possible causes of force fluctuations include low-frequency oscillation in drive (Vaillancourt et al. 2002) to the motor units, motor unit synchronization (Yao et al. 2000) , and motor unit discharge rates (Patten and Kamen 2000) . One of the limitations of the extant literature is that most studies have used low-force contractions. Thus, comparatively little is known about the structure of force produced during high intensity contractions. The purpose of this study was to identify the mechanisms that influence the structure of isometric force across the entire operating range of a muscle. To achieve this aim, a combined experimental and computational approach was used.
METHODS
Isometric force was recorded during contractions of the first dorsal interosseus in ten young (29.4 ± 4.4 years) subjects (5 men and 5 women). Force and EMG were recorded for 6 s (3 s with visual feedback and 3 s without) at 9 levels of contraction intensity (2, 5, 15, 30, 50, 70, 85, 95 , and 98% of MVC force). Two trials were completed per force level. The order of the force levels was randomized for each subject.
The experimental data were compared with the isometric force produced by a model of a motor unit population (Fuglevand et al. 1993) . The model comprised 120 motor units, each of which had individual twitch properties and force-frequency relations. The model motor units are activated according to the Size Principle, and their properties are designed to approximate the first dorsal interosseus.
To address the research question, multiple parameters were varied in the model. These included: (1) the rate-excitation functions for the individual motor units; (2) the maximal discharge rates of individual motor units and the pattern of maximal rates across the population; (3) range of recruitment levels; (4) discharge variability; (5) synchronization of the motor units; and (6) oscillating drive to the motor units in the population.
The variability of the experimental and model forces were analyzed in the time domain by quantifying the amplitude of the fluctuations in force using the coefficient of variation of force. The frequency structure of the forces was quantified with power density spectra, expressed as a percentage of the total power in the signal. The results for the no-vision force trials were compared to the model data.
RESULTS AND DISCUSSION
The results from this study indicated that there was a decline in force fluctuations between 2 and 30% MVC, but that the amplitude of force fluctuations then increased and plateaued at forces greater than 30% MVC.
Of the parameter changes that were made to the model, four could approximate the experimental data at a minimum of four out to the nine force levels (Figure 1 ).
Figure 1:
The models that matched the experimental coefficient of variation for force were significantly different at moderate force levels (15 and 30% MVC).
The maximal power in the experimental force spectra occurred at 1.4 ± 1.1 Hz, with 43 ± 6% of total power at this frequency. The 1-Hz model exhibited a similar peak frequency (0.99 ± 0.53 Hz) and peak power (38 ± 2.3%). The peak frequencies for the other models were higher (basic: 5.1 ± 5.5; 20-Hz: 5.2 ± 5.3; synchronization: 3.6 ± 1.7 Hz). Furthermore, the models had secondary peaks at higher frequencies, with the exception of the synchronization model.
Of the four models that matched the timedomain variation in force, only the synchronization model showed an increase at higher forces. However, this did not occur at the same point as in the experimental force. The secondary peaks in the power spectra for the models were likely related to the mean rates of the model motor units. The prominent low-frequency peaks in all models suggested that the lowfrequency power in human force signals was largely unrelated to oscillating activation of motor units.
SUMMARY
The results from this study indicate that the variability in motor output changes across levels of excitatory drive. The two most explanatory mechanisms for force variability are a low frequency oscillation in the activity of the motor units and motor unit synchronization. The inability of the model to reproduce the decline and subsequent plateau in force fluctuations at moderate forces suggests that a more complex theoretical model of the neural control of force is needed. 
